ABSTRACT Gammaherpesviruses are important human and animal pathogens. Infection control has proven difficult because the key process of transmission is ill understood. Murid herpesvirus 4 (MuHV-4), a gammaherpesvirus of mice, is transmitted sexually. We show that this depends on the major virion envelope glycoprotein gp150. gp150 is redundant for host entry, and in vitro, it regulates rather than promotes cell binding. We show that gp150-deficient MuHV-4 reaches and replicates normally in the female genital tract after nasal infection but is poorly released from vaginal epithelial cells and fails to pass from the female to the male genital tract during sexual contact. Thus, we show that the regulation of virion binding is a key component of spontaneous gammaherpesvirus transmission.
T ransmission is the main motor of viral evolution, and the large disease burden imposed by human gammaherpesviruses reflects very high infection prevalences due to efficient transmission from carriers to new hosts (1) . Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV) infect up to 90% (2) and 30% (3) of humans worldwide, respectively. Endemic infections are maintained chiefly by carriers shedding virus in their saliva. However, in populations with a low prevalence of infection, sexual transmission becomes important due to increased contact (4) . This was seen clearly for KSHV transmission associated with HIV infection (5) and may also apply to EBV (6) .
While interrupting transmission is the sine qua non of infection control, analyzing EBV and KSHV transmission has proven difficult. Natural EBV infection is asymptomatic for at least a month (6) , and experimental transmission is made difficult by many EBV and KSHV functions being host specific. However, gammaherpesviruses colonize most mammals, so related animal viruses, such as murid gammaherpesvirus 4 (MuHV-4), provide another way to understand infection in vivo (7) . Luciferase (Luc) imaging of MuHV-4 infection (8) revealed genital infection following intranasal (i.n.) inoculation of female mice, which then spread to naive males by sexual contact (9) . This has provided a basis for understanding the molecular determinants of gammaherpesvirus transmission.
Virion glycoproteins are likely the main actors in transmission. The MuHV-4 envelope displays at least 10 membrane-bound proteins (10, 11) . gH, gB, gM, and gN are essential for infectivity, while gL, gp70, gp150, open reading frame 58 (ORF58), ORF27, and ORF28 are redundant. ORF28 has no known function (12) . ORF27 and ORF58 form a complex involved in direct cell-to-cell viral spread (13) . gM/gN is probably required for virion assembly (14) . gp70, gH/gL, and gB all contribute to cell binding and/or entry (15, 16) . A surprising finding was that gp150, the MuHV-4 equivalent of gp350/220 in EBV (17) , K8.1A in KSHV (18) , and gp180 in bovine gammaherpesvirus 4 (BoHV-4) (19) , is redundant for both cell binding in vitro and virion entry into naive hosts (20) . Moreover, gp150-deficient virions show enhanced binding to cells that express little heparan (20) .
Heparan binding is a key event in infection by cell-free MuHV-4 (21), a characteristic shared by many herpesviruses. MuHV-4 binds to heparan via gH/gL and by gp70 (15, 16) . While heparan is abundant on most transformed stromal cells, the apical surfaces of most differentiated epithelia display much less heparan. However, the lungs and olfactory epithelium, which are efficiently targeted by MuHV-4, display heparan. Specifically, nonsulfated heparan, which is bound by gH/gL, is present on the apical cilia of olfactory neurons (22) and on type 1 alveolar epithelial cells (23) . The genital tract is not known to express apical heparan, and here host entry may depend on sexual contact causing epithelial trauma, which exposes the abundant heparan of basolateral epithelial surfaces (24) .
MuHV-4 also binds to nonheparan ligands, for example, via gB (25) , but this binding appears not to be available until heparan is engaged. Thus, the dependence of virions on heparan reflects both positive and negative regulation. Negative regulation is mediated by gp150, suggesting that heparan displaces it from covering an important non-heparan binding site (26) . The main in vitro defect of gp150-deficient (gp150 Ϫ ) MuHV-4 is poor release from infected cells, which tend to lose heparan and are probably coated by the abundantly shed heparan binding domains of gp70 (15, 20) . gp150 itself binds heparan only weakly, but heparan and gp150 are presumably brought into close contact by the strong interactions of gH/gL and gp70. BoHV-4 gp180 also binds to heparan and regulates heparan-independent virion-cell binding (19) . KSHV K8.1 binds to heparan, and there have been suggestions of a regulatory role (27, 28) . EBV gp350 does not bind to heparan (this is a function of EBV gp150 [29] ). However, gp350 regulates binding to epithelial cells (30) , suggesting that it promotes virion release from epithelial cells. Thus, the regulation of cell binding by the major envelope glycoprotein is a common gammaherpesviruses theme.
Despite the importance of gp150 for MuHV-4 release from infected cells, gp150-deficient mutants show no defect in host colonization after nasal inoculation (20, 31) . This reflects that host colonization is driven primarily by lymphoproliferation and cell-cell virus transfer (32) . The main function of cell-free virions is viral genome transfer to new hosts. Standard pathogenesis models ignore this crucial component of the viral life cycle. Here we show that gp150-deficient MuHV-4 has no defect in genital tract colonization but transmits poorly to new hosts. This reflected poor virion release from the female vaginal epithelium.
RESULTS
Generation of luciferase-positive gp150 ؊ MuHV-4. Viral luciferase expression is a key tool for monitoring infection in vivo (8) . Thus, to track infection by gp150 Ϫ MuHV-4, we generated a luciferase-positive (Luc ϩ ) version of the previously studied M7-STOP mutant (20) (Fig. 1A) . The predicted genomic structure was confirmed by restriction enzyme digestion and Southern blotting of viral DNA (Fig. 1B) . Genome sequencing confirmed a lack of mutations elsewhere (data not shown). Analysis of infected cells confirmed a lack of gp150 expression by gp150 Ϫ Luc MuHV-4 (Fig. 1C) , while the expressions of other glycoproteins were similar. , measuring equivalent regions of interest and subtracting the right abdominal signal as a negative background. The limit of detection of the assay is 10 2 photons/s/cm 2 /sr. Results were analyzed by a linear model, using day postinfection, strain, and interaction between day and strain as factors (P Ͼ 0.05 for all comparisons, except for the SCLN, where gp150 Ϫ signals were significantly higher at days 7, 14, and 17 [*, P Ͻ 0.05; ***, P Ͻ 0.001]). (D and E) To assay genital tract colonization, mice were imaged every day from days 17 to 21 p.i. Positive signals were taken as those Ͼ2 standard deviations above the mean for 10 uninfected mice (threshold represented by the dashed line). The occurrence of a genital signal (D) (n ϭ 40 mice per group) and the maximal genital signal (E) (n ϭ 20 mice per group) showed no significant difference between groups (P Ͼ 0.05 by chi-square and Mann-Whitney tests, respectively). (F) The smallest pieces of genital tissue expressing luciferase were isolated. Genome copy numbers were then measured by qPCR and did not show a significant difference between groups (n ϭ 20 mice per group; P Ͼ 0.05 by a Mann-Whitney test). The histograms show mean values. The results are representative of data from three independent experiments. ns, not significant.
Between days 17 and 21 p.i., the mice were imaged daily to observe the transient genital signal (9) . By this time, primary lytic infection had resolved, and the luciferase signals from lymphoid organs were greatly reduced compared with those at day 14. Genital luciferase signals were detectable in 77% of mice given gp150-positive (gp150 ϩ ) MuHV-4 and in 64% of those given gp150 Ϫ MuHV-4 (P Ͼ 0.05) (Fig. 2D) . The maximum intensity of the genital signal showed no difference between groups (P Ͼ 0.05) (Fig. 2E) , nor did the viral DNA loads of luciferase-positive vaginal mucosa samples (Fig. 2F) . Thus, gp150 Ϫ MuHV-4 showed no defect in genital colonization after i.n. inoculation. At 1 month p.i., sera were assayed for MuHV-4-specific IgG by an enzyme-linked immunosorbent assay (ELISA) (Fig. 3A) . No difference between gp150 ϩ and gp150 Ϫ infections was observed (P Ͼ 0.05). At the same time, quantitative PCR (qPCR) of spleen DNA showed no difference in viral genome loads between gp150 ϩ and gp150 Ϫ MuHV-4 ( Fig. 3B and C) . Thus, gp150 Ϫ MuHV-4 showed no defect in the extent of infection or the capacity to establish latency in the spleen. gp150 promotes sexual transmission from female to male after intranasal infection. To assay transmission, intranasally infected female BALB/c mice were mated with BALB/c males at the time of the appearance of a genital signal (between days 17 and 21 p.i.), mixing 3 naive males with 3 excreting females (Fig. 4A ). In total, in 2 independent experiments, 34 males were mated with gp150 ϩ MuHV-4-infected fe- males, and 30 males were mated with gp150 Ϫ MuHV-4-infected females. Males were imaged every 3 to 4 days over 3 weeks. A total of 32% of males (n ϭ 11) in the gp150 ϩ group and 3% of males (n ϭ 1) in the gp150 Ϫ group showed a genital signal (Fig. 4B) . Figure 4C shows the maximal male genital signals measured at between days 7 and 17 postcontact in 1 experiment.
At 1 month postcontact, serum and spleen were collected from males to confirm the results of in vivo imaging. MuHV-4-specific antibodies were detected in all the males that had positive IVIS signals ( Fig. 4D shows data from 1 experiment). The same animals were also positive for splenic viral DNA by quantitative PCR and for reactivatable splenic virus by an infectious center assay ( Fig. 4E and F) . Thus, gp150 Ϫ MuHV-4 showed significantly less female-to-male transmission than did gp150 ϩ MuHV-4.
gp150 does not promote infection of the penile mucosa. We considered that gp150 disruption might reduce transmission by reducing virus entry into the male penile mucosa. To test this hypothesis, 30 males were anesthetized with isoflurane, and gp150 ϩ or gp150 Ϫ MuHV-4 (10 5 PFU in 15 l phosphate-buffered saline [PBS]) was put into contact with scraped penile mucosa for 20 min. IVIS imaging over the next 8 days showed 11/15 infected males in each group (Fig. 5) . Thus, gp150 was not required to infect the penile mucosa. gp150 does not promote transmission by protecting against neutralization. gp150 is an immunodominant glycoprotein and, as anti-gp150 antibodies are nonneutralizing, helps by its immunogenicity to protect virions against neutralization (33) . gp150-specific antibodies additionally promote MuHV-4 entry into IgG Fc receptorpositive cells, and its gp180 homolog in BoHV-4 acts as a protective glycan shield (34) . Thus, although MuHV-4-specific antibody responses are relatively weak at 1 month postinfection (35) , gp150 could potentially promote transmission by reducing the impact of antibodies. To test this hypothesis, we first looked for MuHV-4-specific antibodies in vaginal secretions (Fig. 6A ). These antibodies were present at low titers in a minority of infected mice, with no significant difference between the 2 groups (P Ͼ 0.05). We also tested the susceptibility of gp150 ϩ and gp150 Ϫ virions to neutralization by sera of mice infected by the same virus for 1 month (Fig. 6B ). No significant difference was observed (P Ͼ 0.05), except at one dilution of serum where gp150 ϩ virions were significantly more neutralized by the homologous serum (P Ͻ 0.01). Thus, gp150 seemed not to promote transmission by directly protecting vulnerable epitopes against antibody neutralization. gp150 promotes the release of infectious MuHV-4 virions from vaginal mucosa. gp150 promotes virion release from infected cells in vitro (20) . Thus, we considered that gp150 Ϫ Luc virions might be poorly released into vaginal secretions and thus be less 
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Journal of Virology available for penile infection. To test this hypothesis, female BALB/c mice were infected intranasally, and when genital luciferase signals were observed, vaginal washouts were collected for a plaque assay. To distinguish cell-free from cell-associated virions, the vaginal washouts were centrifuged at 100 ϫ g (10 min) to collect cell-associated virions and then at 20,000 ϫ g (90 min) to collect cell-free virions. The infection groups showed no significant difference in cell-associated infectivity (P Ͼ 0.05), but a lack of gp150 significantly reduced cell-free infectivity (P Ͻ 0.05) (Fig. 7A) . We also compared gp150 ϩ and gp150 Ϫ virus growth in primary vaginal epithelial cells. While levels of gp150 ϩ virions were split equally between the supernatants and cells at 24 h p.i. and then progressively increased in the supernatants, gp150 Ϫ virions were strongly cell associated (Fig. 7B) . Data from staining of infected cells for gN (Fig. 7C ) supported the idea of virion retention: staining of fixed-permeabilized cells showed no significant difference between gp150 ϩ and gp150 Ϫ MuHV-4 (P Ͼ 0.05), indicating similar infections, but staining of nonpermeabilized cells showed significantly more cell surface gN after gp150 Ϫ MuHV-4 infection (P Ͻ 0.001) (Fig. 7C and D) . Besides increased virus retention at the cell surface, increased gN detection could also be consecutive to increased gN cell surface expression in cells infected with gp150-deficient virus or to increased epitope access in the absence of gp150. To distinguish between these hypotheses by direct visualization, we performed transmission electronic microscopy (TEM) of infected vaginal cells. The cells were exposed to gp150 ϩ or gp150 Ϫ MuHV-4 (1 PFU/cell) and then analyzed by TEM 24 h and 48 h later. gp150 ϩ virions never formed more than a single layer at the infected cell surface. In contrast, gp150-deficient virions formed multiple layers (Fig. 7E) . Such aggregates were not observed in viral stocks, showing that virions do not spontaneously aggregate with each other (data not shown). Thus, gp150 Ϫ virions were poorly released from vaginal epithelial cells.
DISCUSSION
Viral transmission is a crucial determinant of disease burden. For example, spikes in diseases caused by Ebola and avian influenza viruses are associated with increased infection rates rather than more virulent infections (36, 37) . Conversely, while both live and killed poliovirus vaccines prevent disease, eradication has depended on live vaccines because it more effectively inhibits transmission (38) . For herpesviruses, which are highly prevalent and only sometimes cause disease, transmission is a key intervention target. However, even established live-attenuated vaccines that prevent disease are probably insufficient by themselves to prevent transmission (39) . Therefore, it is important to understand this process better.
Herpesvirus transmission has proven difficult to replicate in experimental settings and is ignored by most standard pathogenesis assays of host colonization/disease after deliberate inoculation. Murine cytomegalovirus is transmitted via the upper respiratory tract (40) . MuHV-4 also enters new hosts via the upper respiratory tract (22) . However, it has not been shown to be transmitted spontaneously by this route. This may reflect that most experimental settings favor low-frequency/high-penetrance contacts, rather than the high-frequency/low-penetrance contacts of natural, endemic virus exchange. Nonetheless, sexual contact may be a significant mode of transmission for many herpesviruses in populations with a low prevalence of infection (4), as observed for KSHV (5) and potentially EBV (6) . gp150 provides the first example of a viral glycoprotein important for transmission but not for entry or dissemination, because it is important for virion release.
Escape from infected cells poses a general problem for nonmotile pathogens. One solution is to produce large numbers of infectious particles and cause widespread epithelial destruction. The modus operandi of herpesviruses, which are transmitted chronically, at a low level, and for the most part without symptoms, seems instead to center on entry and exit at different sites, for example, entry at the olfactory epithelium, where there is apical heparan, and exit from the oropharynx, where heparan is basolateral (22) . Sexual transmission seems to go against this paradigm, as entry and 
gp150 Promotes MuHV-4 Transmission
Journal of Virology exit then overlap. For MuHV-4, the lack of its key binding target, heparan, on the apical genital epithelium (41) suggests that tissue trauma is required for host entry. With sexual transmission, this is entirely plausible. Barring too much tissue trauma in the virus donor, genital epithelia should then efficiently shed heparan-dependent virions. Indeed, during sexual transmission, shedding probably precedes trauma. Accordingly, a loss of heparan dependence through gp150 disruption severely compromised MuHV-4 shedding and subsequent virus transmission. In the absence of gp150, the newly produced virions likely bind to components present at the cell surface. Thus, the unknown cell ligand for which gp150 regulates binding could be cleaved or have a secreted form that could cause virion aggregation and poor release. The nature of this cellular component will have to be investigated in the future. Thus, heparan dependence is not just a means of virion capture but a switch that enables both virion capture and release to be efficient. We envisage that BoHV-4 gp180, KSHV K8.1A, and EBV gp350 also promote transmission by virion release, at both genital and oral mucosal surfaces, in addition to any roles that they have in host entry. Could virus shedding be targeted by vaccination? We believe that this is unlikely to be achieved by targeting gp150 or its homologs, as they are already highly immunogenic in virus carriers (33) . gp150-specific antibodies fail to neutralize MuHV-4; their main effect is to increase infection of cells with low levels of heparan and high levels of IgG Fc receptors (38) , while (monoclonal) antibodies to EBV gp350 promote epithelial infection (42) . In contrast, shedding of infectious virus could potentially be reduced by boosting other, subdominant antibody specificities in virus carriers (43) . This remains to be tested in the transmission model. The feasibility of this approach is also supported by the fact that gp150 likely does not act as a glycan shield (Fig. 6B) , in contrast to its homolog in BoHV-4 (34) .
Altogether, the present study identifies for the first time the importance of a specific gammaherpesvirus glycoprotein in transmission. gp150 did this by promoting virion release from infected vaginal epithelial cells. These results establish a new and important gp150 function that may well also apply to its homologs in human pathogens. Viruses. All viruses were derived from a MuHV-4 bacterial artificial chromosome (BAC) (44) . We used a mutant expressing firefly luciferase under the control of the M3 promoter (WT Luc ϩ ) (8) . The M7 sequence was disrupted via the insertion of an oligonucleotide containing stop codons in all reading frames and an EcoRI restriction site at an AfeI site (genomic position 69743; GenBank accession number AF105037.1) (20) . We further mutated this virus to obtain gp150 Ϫ Luc ϩ MuHV-4 by the insertion of the luciferase coding sequence (8) . Briefly, a luciferase coding sequence under the control of an M3 promoter and followed by a polyadenylation [poly(A)] signal was inserted into the MfeI site (genomic position 77176) between poly(A) signals of ORF57 and ORF58.
MATERIALS AND METHODS

Animals
For in vivo experiments, the loxP-flanked BAC/enhanced green fluorescent protein (eGFP) cassette was removed by virus growth in NIH 3T3-CRE cells until eGFP ϩ cells were no longer visible (45) . Virus stocks were grown in BHK-21 cells cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 2 mM glutamine, 100 U penicillin ml Ϫ1 , 100 mg streptomycin ml Ϫ1 , and 10% fetal calf serum. Infected cells were cleared of cell debris by low-speed centrifugation (1,000 ϫ g for 30 min). Viruses were then concentrated by high-speed centrifugation (58,000 ϫ g for 90 min) and titrated by a plaque assay on BHK-21 cells (33) .
Southern blotting. Viral DNA was digested with the EcoRI restriction enzyme, electrophoresed on a 0.8% agarose gel, and transferred to a positively charged nylon membrane. The membrane was hybridized with [ 32 P]dCTP-labeled probes and exposed to X-ray film.
Genome sequencing. Viral genomic DNA was extracted from purified virions, and full-length genome sequencing was performed as described previously (46) .
Flow cytometry. Cells were infected with WT Luc ϩ or gp150 Ϫ Luc ϩ MuHV-4 (1 PFU/cell) and incubated for 18 h. Cells were incubated with MuHV-4 glycoprotein-specific monoclonal antibodies (MAbs) (4°C for 45 min). The MAbs used were MAb 3F7 (anti-gN) (14) , MAb TIA1 (anti-gp150) (20) , and MAb 8C1 (anti-gH) (47) . Cells were then incubated with Alexa 633-conjugated goat anti-mouse polyclonal antibody (PAb) (Invitrogen) (4°C for 45 min). Cells were washed in PBS, and fluorescence was analyzed on a FACSAria cytometer (Becton Dickinson).
Infectious center assay. Reactivation of virus from the spleen was assayed by an infectious center assay (9) . Briefly, 5 ϫ 10 5 BHK-21 cells grown in 6-well cluster dishes were cocultured for 5 days at 37°C with an ex vivo spleen cell suspension in RPMI medium containing 2 mM glutamine, 100 U penicillin ml Ϫ1 , 100 mg streptomycin ml Ϫ1 , 10% fetal calf serum, 0.6% carboxymethyl cellulose (CMC), and 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol. Cells were then fixed and stained for plaque counting.
Quantification of anti-MuHV-4-specific antibodies by an ELISA. Nunc MaxiSorp ELISA plates were coated for 18 h at 4°C with Triton X-100-disrupted MuHV-4 virions (10 6 PFU/well), blocked in PBS-0.1% Tween 20 -3% bovine serum albumin (BSA), and incubated with mouse sera (diluted 1/200 in PBS-0.1% Tween 20) or with mouse vaginal fluids (50 l/well). Bound antibodies were detected with alkaline phosphatase-conjugated goat anti-mouse Ig polyclonal antibody (Sigma). Washing was performed with PBS-0.1% Tween 20. p-Nitrophenylphosphate (Sigma) was used as the substrate for colorimetry, and the absorbance was read at 405 nm by using a Benchmark ELISA plate reader (Thermo).
Detection of infectious particles in vaginal fluids. Vaginal lavage fluids were obtained by gently flushing the mouse vagina with 200 l of sterile PBS. Lavage fluids were successively centrifuged (100 ϫ g for 10 min and 20,000 ϫ g for 1 h 30 min), and pellets from the two centrifugations were resuspended in 100 l of sterile PBS. Samples were titrated on BHK-21 cells by a plaque assay.
Seroneutralization assay. Sera were collected from mice infected with either WT Luc ϩ or gp150 Ϫ MuHV-4 at 1 month postinfection. Virions were incubated with different dilutions of sera for 1 h at 37°C. The virus-serum mixtures were then added to 5 ϫ 10 5 BHK-21 cells grown in 6-well cluster dishes, in complete DMEM with 0.6% CMC. Cells were cultured for 4 days before being fixed and stained for plaque counting.
Viral genome quantification. MuHV-4 genomic positions 40264 to 44385 were amplified (iCycler; Bio-Rad) (ORF25 forward primer 5=-ATGGTATAGCCGCCTTTGTG-3= and reverse primer 5=-ACAAGTGGAT GAAGGGTTGC-3=). The PCR products were quantified by hybridization with a TaqMan probe (genomic positions 43088 to 43117 [5=-6-carboxyfluorescein {FAM}-TTCATAAGTTTTATGCTGATCCAGTGGTTG-black hole quencher 1 {BHQ1}-3=]) and converted to genome copy numbers by comparison with a standard curve of a cloned plasmid template serially diluted in control spleen DNA and amplified in parallel. Cellular DNA was quantified in parallel by amplifying part of the interstitial retinoid binding protein (IRBP) gene (forward primer 5=-ATCCCTATGTCATCTCCTACYTG-3= and reverse primer 5=-CCRCTGCCTTCCCATG TYTG-3=). The PCR products were quantified with Sybr green (Invitrogen), and the copy number was calculated by comparison with standard curves of the cloned mouse IRBP template amplified in parallel. Amplified products were distinguished from paired primers by melting-curve analysis, and the correct sizes of the amplified products were confirmed by electrophoresis and staining with ethidium bromide.
Culture of vaginal epithelial cells. Vaginal tissues were dissected and incubated overnight at 4°C with 0.2% dispase II. Epithelial sheets were then separated from stroma, and the epithelium was cut into small pieces and incubated for 30 min in PBS-0.01% EDTA-0.025% trypsin. Cells were filtered on a 100-m cell strainer and cultured on fibronectin-collagen precoated 24-well dishes (3 ϫ 10 5 cells/well), as described previously (48) . Cells were cultured 1/1 in Ham's F-12 medium-Dulbecco's modified Eagle's medium (Gibco) supplemented with 2 mM glutamine, 100 U penicillin ml Ϫ1 , 100 mg streptomycin ml Ϫ1 , 10% fetal calf serum, 2.5 g amphotericin B ml Ϫ1 , 0.01 g cholera toxin ml Ϫ1 , 10 g insulin ml Ϫ1 , 10 g transferrin ml Ϫ1 , 0.4 g hydrocortisone ml Ϫ1 , 10 ng murine epidermal growth factor ml Ϫ1 , 50 M beta-mercaptoethanol, and 20 g adenine ml Ϫ1 .
Transmission electron microscopy. Samples were prepared for TEM as previously described (19) . Briefly, cells were washed with PBS and fixed directly in the dish with cacodylate buffer containing 2.5% glutaraldehyde and 2% paraformaldehyde. The cells were then scraped off and prepared for electron microscopy. Epon blocks and sections were prepared as described previously (49) . Sections were analyzed by using a Tecnai Spirit transmission electron microscope (FEI, Eindhoven, The Netherlands), and electron micrographs were taken by using a bottom-mounted 4K-by-4K-resolution Eagle camera (FEI).
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